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Neuronal plasticity in the development of birds
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Many studies have demonstrated that both the physiological properties and the mor-
phological features of neurons of the mammalian visual cortex are influenced by sensory
input during early development. The classical example is provided by the studies of Hubel
and Wiesel (1970) who showed that monocular deprivation of young cats alters the
balance of inputs to cortical neurons. In normally raised adult cats most neurons of area
17 are driven by both eyes, whereas monocular deprivation leads to a substantial loss of
input from the deprived eye so that most cortical neurons of deprived animals are almost
exclusively driven by the intact eye.

Other experiments have demonstrated that the physiological changes which are induced
by monocular deprivation are accompanied by morphological alterations, for example by
changes in number and size of cortical synapses (Winfield, 1983, Cragg, 1975) or LGN
cell size (Wiesel and Hubel, 1963). These effects can only be observed if the change in
sensory input occurs during a limited period, early in the animals development. After thgs
time, alteration of physiological or morphological features of visual cortex neurons is
much more difficult (Blakemore and Van Sluyters, 1974). Consequently, the changes
induced during the sensitive period are remarkably stable. .

In contrast to mammals, it is only recently that the developmental plasticity of avian
neurons has received attention. Pettigrew and Konishi (1976) demonstrated that neurons
in the visual wulst, the end station of the thalamofugal pathway of owls, have the same
physiological characteristics as the visual cortex of mammals with respect to binocularity
and receptive field properties. Pettigrew and Konishi also demonstrated that mongcular
deprivation in owls induces the same shift in ocular dominance in the visual wulst as it was
demonstrated for the visual cortex in cats and monkeys. ‘

However, owls are very untypical representatives of the avian phylum. 'Unllke the
majority of birds they have frontally instead of laterally placed eyes. In birds with laterally
placed eyes, the thalamofugal pathway is not well developed, and the tectofuga‘l pathway
seems to adopt many tasks of visual processing which are perfqrmed by the geniculocorti-
cal pathway in mammals, although these two pathways in birds and mammals are not
homologous {Karten, 1969).

We examined the effects of monocular deprivation on the tectofugal pathway qf the
zebra finch, a small bird with laterally placed eyes. This bird was chosen, because it has
been the subject of very detailed studies of sexual imprinting which has, at least at the
descriptive level, many similarities whith cortical plasticity (Bischof 1?83, 1985 a,b). Se.x-
ual imprinting is 2 learning process by which young birds learn Fhe image gf the species
which they will court as adults. Like the developmental plasticity of cortical neurons,
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learning occurs during a sensitive period in early development and the information which
is stored during this sensitive period is remarkably resistant to forgetting. Moreover, oth;r
similarities as e.g. dependency of storage on motivational factors can be demonstrated in
both paradigms.

On the basis of these similarities, I speculated that both, cortical plasticity and sexual
imprinting, are an expression of a common developmental process by which neuronal
networks are exactly adapted to the processing of environmental features (Bischof, 1983,
1985a,b). If this hypothesis is true, effects of monocular deprivation in zebra finches,
which as like as in mammals should affect directly the wiring of sensory areas, should be at
least roughly restricted to the time of development where imprinting occurs, i.e. the
sensitive periods of both paradigms should be similar.

In this paper, I shall summarize the results which my research group collected on the
development of the tectofugal system and the effects of monocular deprivation in zebra
finches. These results will be discussed in the context of sexual imprinting and compared
with the findings of other research groups investigating the physiological basis of imprint-
ing and its anatomical location within the brain of birds. As I will demonstrate in the
discussion, at least some of the results are compatible, although the rationale of the
different research groups is rather different.

Material and methods

All experiments described here were performed with zebra finches obtained from the
mnstitute’s stock. The methods used in the experiments are fully described elsewhere (Herr-
mann and Bischof, 1988a,b,c, 1988a,b, Nixdorf and Bischof, 1986, 1987). We examined
the development and developmental plasticity of morphological features of neurons and
synapses in n. rotundus and ectostriatum of normal birds as well as monocularly deprived
animals. Deprivation was performed by either closing the eyelids with medical adhesive or,
in most cases, by application of a light tight plastic cap over one eye, Light microscopic
methods included measurements of neuronal size in Nissl stained sections, as well as
estimations of dendrite ramification, radius of the dendritic field, and density of spines in
Golgi preparations. In electron microscopic preparations, the density of synapses, the
length of the postsynaptic thickening, and the size of the presynaptic terminal was calcu-
lated. In addition, we used several track-tracing methods and electrophysiological experi-
ments to examine in more detail the influence of connections of the ipsilateral eye on the
development and function of the tectofugal pathway, since the deprivation experiments
implied that in contrast to earlier statements projections from the ipsilateral eye are
important for visual processing within the tectofugal pathway.

Results

1. Behavioral development

Zebra Finches are altricial birds and their eyes open § or 6 days after hatching. By ten
dgys of age the young can react to visual stimuli and by 15 days of age they are able to
discriminate between different stimuli (Bischof and Lassek 1985). Fledging occurs between
18 and 20 days, the birds become independent from their parents at 35 days and reach
sexual maturity by the 100th day. The sensitive period for sexual imprinting starts at

21;3121; 10 days, reaches a peak at day 15 and slopes down until day 25 (Fig. 1, Inmelmann,
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Fig. 1: Features of Zebra Finch development. Solid line: Sensitive period for imprinting — percentage
of birds which revealed to be imprinted at a given time. Stippled line: Sensitive period for monocular
deprivation — further explanations see fig. 8. 1: time of eye opening, 2: increase of visual performance,
3: fledging, 4: independence from parents, 5: sexual maturity, 6: peak in development of neuronal
elements,

2. The tectofugal pathway

The first station of the tectofugal pathway, the optic tectum, receives input from the
contralateral eye via the optic nerve. Ipsilateral retinotectal projections have been
described only for very young birds, e.g. in pigeons. In adult birds no such projection can
be observed (Bagnoli et al, 1987). On the basis of these findings it has been thought that
the tectofugal pathway only processes contralateral information.

Visual information from the tectum is processed further by the n. rotundus of the
thalamus and then by the telencephalic target area of the pathway, the ectostriatum. From
this area, information is most probably processed further by other telencephalic areas.
However, no details are known about these projections. Fig. 2 depicts the main stations of
the tectofugal pathway and shows some interhemispheric connections, which in the past
have been considered to be minor, but have become important in the course of our
experiments.

3. Normal development

Althouth our results concerning the development of the tectofugal pathway are fa}r from
complete, they give some hints about the general development of two of the nuclei of the
pathway, the n. rotundus and the ectostriatum. As far as data are ayallabl.e, the two nu.clen
seem to develop almost in parallel. However, there are some exceptions. Fig. 3 summarizes
the data we obtained from light microscopic investigations. Fig. 3a (Herrmann and Bi-
schof, 1986a) shows the development of neuron size in the n. rotpndus (solid line) apd the
ectostriatum (stippled line). The next figures (Herrmann and Bischof, 1988b) depict t}n?
development of the main type of ectostriatal neurons (Fig. 3b) as revealefi by the Golgi
method: the radius of the dendritic field, the number of terminals per primary dendrite
(Fig. 3¢), and the number of spines/10y of dendritic length (Fig. 3d) for different segments
of the dendrites. . ;

It is obvious that all light microscopically investigated parameters we have megsurzeo
increase very rapidly from day $ to day 20. All neuronal elements show a peak a; ay
and a subsequent significant decrease between day 20 and 40. Overshoot and subsequent
teduction can also be observed in some ultrastructural parameters, (Fig. 4). Fig. 4a shows
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Fig. 2: Tectofugal pathway of birds. The cap over one eye symbolizes deprivation. Stippled areas:
deprived eye and brain areas. Due to the complete crossing of the optic nerve in the chiasm, monocu-
lar deprivation creates a deprived hemisphere contralateral to the deprived eye.

the development of the number of synapses per 1000 um? for the n. rotundus (solid line)
and ectostriatum (stippled line), Fig. 4b the development of the length of the postsynaptic
thickenings for n. rotundus and ectostriatum, The development of the density of synapscz
parallel those parameters detected under the light microscope as does the development }(1)
the length of postsynaptic thickenings of the ectostriatum. In contrast, the length oft. 3
postsynaptic thickenings in n. rotundus decreases from day 5 until adulthood. A thlr'l
ultrastructural parameter, the size of the presynaptic area, increases for n. romndus unti
day 20 and thereafter remains constant, whereas it increases until day 100 in the ectos-
triatum (Fig. 4c). o d

The decrease of the length of the postsynaptic thickening from day 1, which is observed
in the n. rotundus, may indicate that the peak value of development co_uld b_e obscrl\)fe.
before hatching, and the plateau in the development of presynapgic terminal size 1S g Vrll-
ously reached earlier in n. rotundus. Thus, these differences might suggest that the n.
rotundus develops earlier than the ectostriatum.

4. Monocular deprivation

For these studies the birds were deprived monocularly shortly after birth (before patl{ri:
eye opening) for 20, 40, or 100 days and were sacrificed immediately after the deprivatio
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Fig. 3: Time course of development of different neuronal elements. a: neuron size (% of aduit values).
Stippled line: ectostriatum, full line: n. rotundus. After Herrmann and Bischof (1986a). b-d: ecto-
striatal measurements. b: Number of terminal segments per primary dendrite, ¢: average radius of
dendritic field, d: Number of spines per um for different segments of the dendrite. Primary: segments
directly adjacient to the cell body, secondary: segments following the primary ones, terminal: end
segments of each dendrite; medial: segments which were not primary or terminal. After Herrmann
and Bischof (1988b).
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Fig. 4: Development of ultrastructural parameters of synapses in the n. r.otundus (solid line) and
ectostriatum (stippled line) a: average number of synapses/1000 pm? ne:uropll, b: length of postsynap-
tic densities (um), c: average size of presynaptic areas (um?). After Nixdorf (1988).
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period. The features of the neurons on the «deprived» side, that is the hemisphere con-
tralateral to the deprived eye, were compared with those of the «nondeprived» side and
with values obtained from normally reared birds. Fig. 5 depicts the effects of monocular
deprivation on soma size of n. rotundus neurons (Herrmann and Bischof, 1986c). After 20
days of monocular deprivation there is an increase on both the intact and the deprived
hemisphere compared with values for normally reared birds.
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Fig. 5: Effects of different times of monocular deprivation (20, 40, 100d) from birth on neuron size of
n. rotundus. After Herrmann and Bischof (1988b)

Deprivation for 40 or 100 days causes a significant hemisphere difference in soma size:
neurons on the deprived side are 15% smaller than those on the nondeprived side. This
interhemispheric difference, however, is not due to a shrinkage of neurons on the deprived
side, but rather a result of a hypertrophy of cells in the nondeprived n. rotundus. The same
effects can be observed in the ectostriatum of birds deprived for 20, 40 or 100 days
(Herrmann and Bischof, 1986b).

Analysis of Golgi preparations of the ectostriatum (Herrmann and Bischof, 1988b)
reveals that deprivation from birth has no significant effect on either the development of
the dendritic field or on the number of terminals per primary dendrite, In each measure-
ment and for each age group, the values of the deprived and the non-deprived hemisphere
of MD-animals do not differ significantly from those of normally reared birds of the same
age.

In contrast, the number of spines per 100 um dendritic length is severely affected if the
duration of the deprivation is 40 or 100 days. The effects are different for the different
sections of the dendrites (Fig. 6). In general, spine density is significantly lower in the
deprived hemisphere than in the nondeprived hemisphere. However, taking the naturally
occurring spine loss of neurons of normally reared birds into consideration, it seems that
the hemispheric difference is due to a lack of spine reduction in the non deprived hemis-
phere as well as to an enhanced loss in the deprived hemisphere: After long term depriva-
tion the number of spines does not differ from normally reared birds, whereas the spine
number in the nondeprived hemisphere is larger.
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Fig. 6: Effects of monocular deprivation for different times from birth on spine density l:)ffprlig;;gg),
medial, and terminal segments of ectostriatal neuron dendrites. After Herrmann and Bischof (

Ultrastuctural effects of monocular deprivation were observed in bl.rds deprived from
birth for 20 and 100 days, resgectively (Nixford and Bischqf, 1987, le'dm};f’ 1987f).b T}cnlz
number of synapses/1000 um? of n. rotundus was larger in l?oth hemispheres © ldnrb
deprived for 20 days than in normally reared gmmals. T:hls enhancement Cmflf : e
observed after 100 days only in the deprived hemisphere (Fig. 7a). The reverse effect is
observed for the size of the presynaptic area. After 20 days of deprivation, the a;lve;age'sn;
of presynaptic areas was smaller on both sides, in 100 day old birds only og'tke 'eprslve
side (Fig. 7b). No effect could be observed on the length of postsynaptic thickenings.

For the ectostriatum, no effect could be observed concerning the number of synapses.
Presynaptic areas were smaller in both hemispheres with 20 and 100 d;YSkOf Fieprgrattitcl)lr;
(Fig. 7c). The same basic effect could be observed for the postsynaptic thickenings ;1 the
reduction was significantly stronger on the deprived side and the effect was not signific
in 100 day old birds (Fig. 7d).
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Fig. 7: Effects of monocular deprivation for 20 or 100 days from birth. left side: n. rotundus, right
side: ectostriatum; a: average number of synapses/1000 um> neuropil. b: size of presynaptic area; c:
length of postsynaptic densities. d: size of presynaptic area. Note that only b. and d. are directly
comparable. After Nixdorf and Bischof (1987) and Nixdorf (1987)

5. The sensitive period

For these measurements, cell size was measured in birds subjected to 40 days of unila-
teral eye closure starting at ages spaced regularly throughout the first 70 days of age
(Herrmann and Bischof, 1988a). Fig. 8 shows the difference of cell size between the
deprived and the undeprived hemisphere of the different age groups. It demonstrates that
monocular deprivation markedly affects cell size in the n. rotundus and ectostriatum if the
treatment starts at one ot ten days posthatch. The differences between deprived and
nondeprived neurons decline monotonically with increasing visual experience prior to
deprivation. However, deprivation from 40 days of age causes as severe an effect as
monocular closure at birth, whereas deprivation from day 50 or later no longer leads to
abnormalities. These data indicate that the sensitive period for the effects of monocular
deprivation may be double-peaked:the sensitivity for external stimuli declines from hatch
until day 30, but has another peak at about 40 days of age. Thereafter, no influence of
environmental changes on neuronal development can be observed.
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Fig. 8: Sensitive period for the effects of monocular deprivation derived from left-right differences in
the deprived birds. The difference between neonatally deprived birds was set at 100%. After Herr-
mann and Bischof (1988a).

Discussion

The results presented above demonstrate that the development of the different neuronal
elements and the effect of monocular deprivation on the morphology of the tectofugal
pathway is not uniform. However, instead of going into the details, I want to concentrate
here on some general features of our results and to discuss their significgnce to theories of
the neuronal basis of imprinting as well as their relations to other studies.

General effects of monocular deprivation in birds

The effects of monocular deprivation are different between the two nuclei and the
f these changes is not simple enough to

different times of treatment. The overall pattern o
allow a consistent and full interpretation. However, our results clearly show that there are

some general effects of monocular deprivation. o
In most cases, two stages of deprivation effects can be observed. By shorter deprivation

periods, both sides of the brain are affected by the treatment, reacting either with an
increase or with a decrease of the measures of number or size of neuronal el;ments. Longer
lasting deprivation between 40 and 100 days in most cases leads to an adjustment of 'ghe
measures within one or the other hemisphere of the deprived birds? when cor_npared with
values of normally raised animals. These effects, namely the variation in the increase and
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decrease of the measurements and the involvement of both hemispheres, were quite unex-
pected. If birds have largely independent tectofugal systems on both sides of the brain, as
earlier studies stated, no effect should be observed at the contralateral hemisphere, and the
main effect of deprivation should be a shrinkage of neurons and neuronal elements, as was
(;l;scrved for example in the monocular segment of the cat geniculate body (Cragg et al.,

75).

In contrast, our results indicate that the two hemispheres interact in the reaction to
monocular deprivation. In some cases, the nondeprived hemisphere seems to enhance the
size and amount of neuronal elements, perhaps in order to compensate for the lack of
visual input to one eye by enlarging the stimulus processing capacities of the intact hemis-
phere. Most probably, the interaction between the two sides implies some sort of competi-
tion process between the two hemispheres, as was demonstrated for the development of
neurons of the visual cortex of mammals (rev. Fregnac and Imbert, 1984). However, this
competition process should have a different goal than to align the visual fields of the both
eyes during development, as was proposed for animals with frontally placed eyes: zebra
finches are birds with laterally placed eyes and only very small binocular overlap (Bischof
1988). Interestingly, no substantial deprivation effects (except small shrinkage of LGN
neurons as direct consequence of deprivation) could be demonstrated in mammals with
laterally placed eyes like rabbits (Chow and Spear, 1974), or in the monocular segment of
cats (Hickey et al., 1977). Again this demonstrates that in birds competition processes of
as yet unknown function may play a role in development of the visual centers.

Recent anatomical and electrophysiological experiments from our lab have demon-
strated that the hemispheric interactions which may induce these competion processes are
due to a massive projection leading from the tectum opticum to the contralateral n.
rotundus (Brinkkétter and Bischof, 1987; Niemann et al, 1987). Electrophysiological
experiments show in addition that the reaction of the ectostriatum to ipsilateral eye
stimulation is substantially suppressed by the contralateral eye (Engelage and Bischof,

1988).

Neuronal development and imprinting

Most of our measurements demonstrate that neuronal elements grow rapidly until day
20. Thereafter, the size and number of neuronal elements decrease until day 40, when they
reach their adult size in most cases. This peak-decline trend (Murphy, 1984) can be
observed in a variety of animals and for many different neuronal elements (for review see:
Herrmann and Bischof, 1988b), and therefore seems to be a common feature of neuronal
development. Most theories of brain development argue that this overproduction of
neuronal connections is due to the fact that it is not possible for the genetic program to
exactly define the needs of the nervous system for optimal processing of stimuli from the
environment. Therefore, a redundant system is built which is shaped to its final form
under the influence of environmental stimulation. The reduction of the redundant network
is accomplished by a selection process which favours functionally efficient neuronal con-
nections over those which cannot be driven efficiently by the periphery (Hebb, 1949,
Hubel and Wiesel, 1965, Changeux and Danchin, 1976).

Most of these theories are based on work on the visual cortex in cats and monkeys.
However, researchers in the field of imprinting and song learning have adopted this view.
On the behavioral level, Marler and Peters (1982) demonstrated that song sparrow have a
larger repertoire during the time of song crystallization than they have later as adults.
Rausch and Scheich (1982) examined the development of spines in a song control nucleus
in mynah birds, and found a reductioin of spine elements at the time when the bird learns
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its songs and imitations for example of human voice. Wallhdufer and Scheich (1987)
found a reduction of spines in an area of the forebrain of chicks as a consequence of an
imprinting procedure. They interpreted their findings to show that the acoustic input
during the imprinting procedure leads to a shaping process which favours the processing
of imprinted information by selective stabilisation of those synapses which are used in this
context, and a reduction of the uneffective synaptic connections. The stabilization of the
connections which are selected may be indicated by the results of Horn and coworkers
(rev. Horn, 1985), who demonstrated that in another area of the chick forebrain, which is
probably involved in imprinting, the postsynaptic thickenings of synapses of the left
hemisphere increased in length after imprinting.

Possibly, the physiological events underlying sexual imprinting in zebra finches may be
similar to those observed in the above mentioned paradigms, namely the shaping of
neuronal responses in the visual cortex of cats, song learning, or filial imprinting, respec-
tively (Bischof 1983, 1985a). If this is true, sexual imprinting should occur during the time
where a reduction of neuronal connections can be observed. However, our results demons-
trate that the peak of neuronal development and the decline of size and connections of
neuronal elements is delayed for some time, compared to the sensitive period for sexual
imprinting (Fig. 1). This means that the behavioral effects of sexual imprinting (the prefer-
ence for a given subject) can be observed at the time where the brain elements develop
rapidly, and not at the time of elimination of neuronal connections, as it was presumed in
the above mentioned paradigms.

However, this does not necessarily mean that sexual imprinting has an other physiologi-
cal basis than the paradigms mentioned above. One has to keep in mind that the parame-
ters we measured in our studies were morphological ones, whereas the sensitive period for
sexual imprinting was determined by measurements of behavioral change. It is conceivable
that this behavioral change is accompanied by physiological changes of the neuronal
network, for example by alterations of the transmission of synapses. These physiological
changes may lead to an altered inhibition-excitation balance of neuronal input (Wolff,
1981); and this alteration in the balance of neuronal input may induce, with a certain
delay, the reduction of redundant neuronal elements, as it can be seen in our developmen-
tal studies. _

Our deprivation experiments show that the sensitive period for monocular deprivation
is very similar to that obtained for sexual imprinting (Fig. 1). This again underlines that
the physiological events observed in the development of cortical neurons may well be
similar to those underlying sexual imprinting.

Imprinting as part of a common developmental process

The idea that imprinting may be only a small part of the global process, bj which the
nervous system is tuned during development under the guidance of information frqm the
external environment (Bischof 1983, 1985a, b), may explain why effects of imprinting
have been observed in very different regions of the bird’s brain. Horn and Coworkers (rev.
Horn, 1985) favoured an area of the forebrain called IMHV (part ‘of hypgrsmatum
ventrale) as a candidate for the storage of imprinted information in filial imprinting. How-
ever, they demonstrated that other parts of the brain are also involved in the storage
process. Salzen et al (1975) showed that the lateral neostriatum is involved in filial
imprinting, and Scheich and coworkers (rev. Scheich, 1988) dem'qnst'rateq that part of the
intermedial neostriatum/hyperstriatum (MNH) is affected by flllal imprinting. In mam-
mals it has even been demonstrated that effects of odor imprinting can be observed in the

olfactory bulb (rev. Apfelbach, 1986).
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As sexual imprinting in birds is a process which is predominatly visually guided (Bi-
schof, 1985¢), we suspected that during imprinting neurons of visual centres of the brain
are tuned to optimally process the stimuli which are learned by imprinting, such as the
features of conspecific females. Our results demonstrate that n. rotundus and ectostriatum
can be affected by changes of environmental stimulation at the time where imprinting
occurs, and therefore it may well be that imprinting really is based on the process of tuning
of neuronal elements of the ectostriatum and n. rotundus.

However, I do not want to suggest that the ectostriatum and the n. rotundus are the
main places where imprinted information is stored. Herrmann (unpublished) has shown
that some other forebrain areas develop in paraliell to the ectostriatum. Moreover, we
have demonstrated (Bischof and Herrmann, 1986) that four forebrain areas other than the
ectostriatum are activated, besides other arousing stimuli, by the appearance of a female,
the stimulus configuration which had been imprinted during the sensitive period. There-
fore, it is much more likely that imprinting does not alter the connectivity of only one or
two areas of the birds brain, but alters connections in a variety of brain regions, as
mentioned above.

Final remarks

At least, one statement has to be made about plasticity of the brain in general. For a
long time, the commonly held view was that the brain of young animals is very flexible in
the sense that connections between neurons can easily be made or be destroyed. In con-
trast, the adult brain was seen as quite stable and quite unchangable. Therefore develop-
mental plasticity and imprinting have often be seen as consequences of the plasticity of
young brains. Purves et al. (1986), however, demonstrated that even in the adult brain the
neurons change connections permanently. So, the question is not how the nervous system
gains plasticity during sensitive periods, but how it achieves stability outside of the sensi-
tive periods. For our results this does mean that increases or decreases or periods of no
change may be induced by a balance between construction and destruction of neuro_nal
connections. If we see an increase in our snapshot like preparations, the construction
overcomes the destruction and the reverse occurs if we see a decrease of neuronal elements.

The question remains as to how the nervous system «knows» the stage of development
at which it has to consider external influences in this turnover process, and at what time it
has to try to leave the logics of connectivity unchanged. Perhaps, these considerations may
help to find explanations for the findings which are not discussed earlier in the paper:
Why, for example, is the visual system a second time alterable by external input at about
40 days of age as we have shown, and why, in contrast to mammals, is the adult brain of
birds modifiable at least periodically, as it was shown for the song system (Nottebohm,
1985).
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Summary

For mammals it is well established that alteration of the visual input during early
development leads to changes in the wiring of neurons in the visual cortex. By contrast,
little is known about how changes in the external environment affect the development of
visual centers of the bird’s brain. My research group and 1 were interested to investigate
this phenomenon, because the developmental plasticity of cortical neurons in mammals
has many features in common with imprinting (rev. Bischof, 1983, 1985). Imprinting is a
special learning process by which young birds develop social and sexual preferences for the
first individuals they encounter. Both imprinting and cortical plasticity occur during a
restricted period early in life, the sensitive period, and the information stored is remark-
ably stable. Given these and other parallels it seems likely that neuronal events similar to
those which are described in visual cortex development of mammals may well occur in the
bird’s brain during imprinting.

We therefore followed the normal development of neurons in two areas of the tec-
tofugal pathway of the zebra finch, a small altricial bird which is commonly used in
imprinting studies. In addition, we investigated the effects of monocular deprivation on
the development of the neurons of these areas. Our results show that in normal develop-
ment an overshoot of nearly all investigated features of neurons occurs at 20 days of age,
followed by a decrease until 40 days of age. Monocular deprivation affects the develop-
ment of both hemispheres, indicating strong interactions between the two sides of the
brain. The sensitive period for the effects of monocular deprivation is double-peaked. The
first peak roughly coincides with the sensitive period for sexual imprinting, However, for
the second peak we have not found a behavioural correlate as yet.

The compatibility of our results to those found in mammals, to recent theories of
neuronal plasticity, and to the results of other groups investigating the neural basis of
imprinting, will be discussed.
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